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1.0 INTRINSIC MATERIAL PROPERTIES

The electromagnetic behavior of composite materials is
ultimately determined by their intrinsic material properties.
The key properties considered in this section are the composite
material permeability, permittivity, and conductivity as a
function of frequency and field strength. A brief analysis of
composite material resistivity is presented separately. Property
modification is discussed and includes property improvement
through doping and intercalation, and property changes due to
thermal and environmental effects. Non-linear properties of
composites are also briefly considered.

1.1 Material EM Parameters:
Theory and Measurement

The measured relative values of permeability and
permittivity and the measured values of conductivity as functions
of frequency and field strength, for boron/epoxy, Kelvar/epoxy
and graphite/epoxy composites are tabulated in this section.

Some data is presented on the resistivity of composites.

Separate data is given on the conductivity of boron/epoxy and
graphite/epoxy for individual fibers, the epoxy and bulk composite
material.

1.1.1 Permeability

The basic macroscopic parameter used to characterize
the magnetic state of a meterial is the permeability. This para-
meter (designated by u) is defined in terms of the magnetic -
induction (F) and the magnetic field intensity (H) by the equation

E = A _ (1-1)
In view of the fact that the composites boron/epoxy, graphite/
epoxy and Kevlar/epoxy are presently fabricated using non-magnetic

materials, it may be anticipated that their magnetic permeadbility
will be essentially that of free space.
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Permeability measurements for the composites boron/
epoxy, graphite/epoxy and Kevlar/epoxy have been performed(3'4)using v |
the standard testing procedures specified by the American Society
for Testing and Materials (ASTM). The permeabilities of repre-
sentative samples of each composite were determined at D.C. and
60 Hz wusing the sample weighing technique and at 100 Hz using
the more sensitive vibrating sample magnetometer. All results
indicatQQ that these materials were weakly diamagnetic with a
measured magnetic susceptibility Xm x 10'7. The permeability is
given in terms of the magnetic susceptibility by the equation

‘w o= uy (1 + Xa) . (1-2) |

o
where lo is the permeability of free space. The results are
tabulated in Table 1.1 in terms of the relative permeability
B/uo. These results indicate that boron/epoxy, graphite/epoxy
and Kevlar/epoxy all have the permeability of free space to the
accuracy measured and the frequencies checked. Due to the
apparent lack of sensitivity of the measured permeabilities to
frequency, no higher frequency measurements have been unlertaken.
Further details on the measurement process may be found in the

ASTMsection on measurement, test and evaluation or in the
references.(3:4,6)

1.1.2 Permittivity

The electrical parameter analogous to the magnetic
permeability is the electric permittivity (designated by e) and
is defined in terms of the applied electric field (E) and electric
displacement (D) by the equation

b = ¢E (:-3)

Because composite materials are heterogenous substances by virtue
of their process of manufacture, the permittivity of these
materials can ~ be expected to be anisotropic and to be frequency
dependent. A further complicating factor in the measurement of
the permittivity is the existence of conducting charge in the
composite material. As a consequence, the conduction current

1-2
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RELATIVE
PERMEABILITY

u/ug
at D.C., 60 Hz

and 100 Hz

Table 1.1. Composite Material Relative Permeability.

BORON/EPOXY

KEVLAR/EPOXY

GRAPHITE/EPOXY

1.0

1-3

1.0

1.0

(3,4)




(as measured by the conductivity o) and the displacement current
(as measured by the permittivity €) are —ixed togetlker as
shown in the equation

VxH = (o6 + juwe) & 1-4)

where w is the angular frequency. The measureability of the
permittivity ¢ then depends on the magnitude of the material
conductivity.

The standard ASTM method used to measure permittivity
involves the measurement of the capacitance of a composite
filled capacitor. Details of the measurement process are given
in ASTM section on measurement, test and evaluation and in the

references.(3’4'6)

The relative permittivity e/e, (also called the
dielectric constant where ¢, is the permittivity of free space)of
Kevlar/epoxy, graphite/epoxy and boron/epoxy have been measured
from D.C. to S50 MHz.” e results are tabulated in Table 1.2.
These results show that Kevlar/epoxy is a very good insulator
with the permittivity essentially a constant independent of
direction and frequency. The range of values reported for the
Kelvar/epoxy permittivity are attributed to variations in epoxy
chemistrv.

The permittivity of graphite/epoxy was found to be
essentially unmeasurable at any test frequency due to the high
value (10z - 10‘ mhos/m) of the conductivity in any direction in
the compositeﬁ34ht has been estimated that the permittivity of

graphite/epoxy will not be measurable until frequencies are of
. the order of 1012 Hz.(4)

The permittivity of boron/epoxy falls between the two
extreme cases of Kevlar/epoxy and graphite/epoxy. fhis permittiv-
ity was found to be measurable only when the existing fields were
normal to the direction of the composite fibers. In this case
the permittivity was constant and frequency independent from
D.C. to SO0 MHz. The permittivity in the direction parallel to

the composite fibers proved to be unmessurable due to high fiber
conductivity.
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Finally the permittivity of the epoxy resins which hold the fibers
was measured from D.C. to 50 MHz with the result listed in Table 1.2
' for 1 MHz. The permittivity of the epoxy resin was found to be
; independent of direction and frequency in the range considered. (5,4)
] 1.1.3 Conductivity

! In this section, the conductivity of Kevlar/epoxy,

boron/epoxy and graphite/epoxy composite materials is discussed in
7 detail. Measured conductivities are given for Kevlar/epoxy at two
: frequencies. Conductivities for boron/epoxy and graphte/epoxy are
reported for the bulk composite in several ply orientations as well
as for the constituent fibers and epoxy.

1.1.3.1 Kevlar/Epoxy

The conductivity of several samples Kevlar/epoxy have
beén 1nvestxgated(3) to a limited extent as a function of frequency
and electric field strength.(s) The experimental method used was
the standard two-point probe method specified by the American
Society for Testing and Material (ASTM). !Details on this method

_ and related methods can be found in ASTM sectionon Measurement,

; Test and Evaluation and in the references.(!) These investigations
ﬁ show that Kevlar/epoxy conductivity has a slight dependence on
frequency and field strength. The conductivity decreases slightly
with increasing frequency and increases slightly with increasing
field -strength. The results are also independent of direction.
The conductivity results for frequency are tabulated in Table 1.3
and the results for field strength are graphed in Figure 1.1.
Because of the apparent insensitivity of the conductivity to low
frequency, high frequency conductivities have not been investi-
gated to date.
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BORON/
EPOXY
—PARALLEL TO JFORVMAL 10
RELATIVE KELVAR/ GRAPHITE/ - COMPOSITE COMPOSITE EPOXY
PERMITTIVITY EPOXY EPOXY FIBERS FIBERS RESIN
eleg 3.6~5.85 | Unmeasureabld ynpeasureable| 5.6 3.4

Table 1.2. Relative Permittivity (Dielectric Constant)
of Kevlar/Epoxy, Boron/Epoxy, Epoxy Resin, and (3,4)
Graphite/Epoxy in the Frequency Range D.C. - 50 MHz. ~’
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D.C. 100 kHz
o | 2.2x10%| 5 x10°°
Table 1.3. The Conductivity o (mhos/m) of

Kevlar/Epo
Frequency.
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E% as a Function of




1.1.3.2 Boron/Epoxy

Conductivity studies on boron/epoxy have dealt with
the conductivity of the individual boron fibers, of the epoxy
resin matrix holding the fibers, and of the total boron/epoxy
composite. These results are presented and discussed in the
three separate sections that follow.

1.1.3.2.1 Boron Expoxy Resins

Samples of the uncured epoxy resins were obtained from
AVCO, a maker of boron/epoxy composiie, and heated as is done
during the manufacture of the composite. The conductivity was
then measured at a frequency of 1 HHzg4)The result is listed in
Table 1.4. This results was found to be frequency and direction
independent in the range D.C. - 50 MHz.

1.1.3.2.2 Boron Fibers (2)

Boron fibers used in boron/epoxy composite materials
are typically 10'2cm in diameter. Although considerably larger
than graphite fibers, boron fibers prove hard to characterize
electrically because of the difficulty in fabricating reliable,
low resistance ohmic contacts to the fibers. The reasons for
these difficulties lie in the process used to make the fibers.
Boron is deposited on hot tungsten wire (of diameter 1.8 x 10'3cm)
in an atmosphere of hydrogen (H2) and boron chloride (3Cl3). The
boron reacts with the tungsten to form an inner core of boron-
tungsten compounds (such as WB,, W,Bg with possibly some free
tungsten) surrounded by an outer sheath of pure boron. The
details of the process are proprietary.

Great care is necessary in fabricating the electrical
contacts. Mounting the fiber using conducting points or ink
give very non-linear, even memory-displaying V-I characteristics.
One successful approach is to plate nickel contacts onto the
sheath and the core separately. Linear V-I characteristics result
and it is possible to characterize the sheath and core by conductivi-
ties together with an effective fiber conductivity.

1-9
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BORON FIBERS(Z) @
EPOXY
CORE SHEATH FIBER RESIN
CONDUCTIVITY |3 x 10 0.25 2.3 x 10 6 x 1078
(mhos/m)
Table 1.4. Conductivities of Boron/Epoxy Fibers an

1-10

Resin in Frequency Range D.C. - 50 MHz.(2,4)
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These conductivities are given in Table 1.4. Boron fibers
conductivities are seen to be very anisotropic with most of the i
current confined to the inner core of the fiber.
1.1.3.2.3 Boron/Epoxy Composite

There have been several investigations on the conductivity
of boron/epoxy with varying results. One set of effective
conductivities were obtained by Skouby(l) in an investigation of the i
shielding effectiveness of advanced composites. His shielding data
becomes consistant with shielding theory provided the effective
conductivity of boron/epoxy is taken as 0=10 mhos/m at low fre-
quencies (50 kHz-70 MHz) and %100 mhos/m at high frequencies
(100 MHz-18 GHz). These boron/epoxy test specimens range from
1-ply to 8-ply and involve several ply orientation as listed in
Table 1.5. Preliminary investigation reported by Allen et.al.(d)
on samples of AVCO Rigidite 5505 Boron/epoxy over a frequency
tange from D.C. to S0 MHz. (given in Table 1.6) tend to confirm
these results. More recent work involving great care in forming
ohmic contracts using thin nickel-plated films onto abraded edges
of boron/epoxy has resulted in revised figures for the longitudinal
conductivities of multi-ply unidirectional samples.(s) These
results are given in Table 1.7. They show conductivities much
higher than previously reported with an average of about 1000 mhos/m.
Included for comparison in Table 1.7 is a unidirectional conductivity
value (°wh) obtained by Walker and Heintz(s) using a standing wave
pattern on a slotted stripline at a frequency of 2 GHz. This
conductivity value is significantly higher than values obtained by
other methods and does not depend on ohmic contacts made to the
composite. The basic conclusion reached by Gajda(s) was that the
longitudinal conductivity of boron/epoxy is about 1000 mhos/m while
the transverse conductivity is about leo"8 mhos/m. The large
anisotropy in conductivity is explained by the lack of fiber-to-fiber
contact (confirmed by optical micrographs) in boron/epoxy. Little
dependence on frequency was observed for low frequency conductivities,
however-the high conductivity value obtained by Walker, Heintz at
2 GHz raises the possibility of significantly higher conductivites
at frequencies higher than 50 MHz.

wdhabiie ancediinfieiintliohint . i o s




PLY 0 (mhos/m)
PLIES ORIENTATION 50 kHz-70 MHz 100 MHz - 18 GHz
1 0°
2 0°, 90°
4 0°, +45°, 90° *10 =100
8 0°, +45°, 90°
Effective Conductivity of Boron/epoxy as a function of

Table 1.5.

number of plies and ply orientatioa.

These results are

calcuht&l) by Schouby using electromagnetic shielding

results.
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Table 1.6. Preliminary Conductivi?ies for Multi-ply Boron/epoxy
Composites from Allen.{4) (DC to 50 MHz)

PLIES PLY ORIENTATION CONDUCTIVITY (mhos/m)
7 0% 0% 0% 90° o, = 25W
- ®)
i 999 3.8
. o = 2009
? - 1-8 | Unidirectional L -8 (d
j op = 2x10 )

a. Corresponds to currents parallel to 0° fibers.
b. Corresponds to currents parallel to 90° fibers.
€. Corresponds to current longitudinal to fibers.
d. Corresponds to currents transverse to fibers.

!

|
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Table 1.7.

Final Boron/epoxy Conductivities of Multi-ply Unidirectional
Samples Together With An Aver:te Conductivity From Gajda.

PLIES | TRANSVERSE CONDUCTIVITY O, (mhos/m)
2 3300
5 1400 o,y =1000'"
- 4(b)
17 1400 O = 7 x 10
20 1100 .

a- This is the average conductivity found for
unidirecrional multi-ply samples.

b. Value of conductivity for unidirectional samples at
2 GHz using standing wave techniques from Walker, Heintz.

(3)




1.1.3.3 Graghite/Egogz

' Conductivity measurements have been performed on the
epoxy resins and graphite fibers used in making graphite/epoxy
as well as on the composite material itself. These results are
presented in (1.1.3.3.1 - 1.1.3,3.3).

1.1.3.3.1 Graphite/Epoxy Fibers

The electrical characteristics of individual graphite
fibers have been studied for one fiber tzge - Thornel T300 which
is found in Marmco 5208 pre-preg tapes. ome variation in
conductivities is to be expected in fibers produced by different
companies.

The fiber tows were unwound and cleaned with solvent
and mounted on glass slides. Ohmic contact was made with
conductive ink. All fiber displayed linear V-I characteristics
up to fields of 4000 volts/m Norinear characteristics were also
observed and these results are given in Section 1.5 on nonlinear
properties of composites. Conductivities of a 60 fiber sample

i are listed in Table 1.8. These results indicate that graphite
l ' : fibers may be classed as reasonably good conductors with an

average conductivity of 2 x 104 mhos/m. Fibers with conductivi-

ties of 2 x 10S mhos/m have also been reportedﬁg) Because of
their high conductivity, the permittivity of the graphite fibers
could not be measured in the frequency range D.C- SO MHz. All
measurements were done at D.C. but it was verified that the con-
ductivities of graphite fibers are independent of frequency in the
‘range D.C. - 50 MHz.
1.1.3.3.2 Epoxy Resins

The resins used in graphite/epoxy had similar electrical
permittivity and conductivity as was given for boron/epoxy resins.
The permittivity is listed in Table 1.2 and the conductivity in
Table 1.4.

1-15




CONDUCTIVITY OF GRAPHITE FIBERS (mhos/m)

MINIMUM FOUND
MAXIMUM FOUND

AVERAGE

1.4 x 10%
3 x10°

2 x 10°

Table 1.8. Maximum, Minimum and Average Conductivities Found in
a 60 Fider Sample of Thormel T300 Fiber-type Taken
From Narmco 5209 Pre-ply Types of Graphite/epoxy.(2,4)

1-16
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1.1.3.3.3 Graphite/Epoxy Composites

There have been several investigations into the con-
ductivity of graphite/epoxy as a function of frequency. One set
of measurements was done by Gajd ln the frequency range D.C. -
S0 MHz. The details of the measurement process are described in
ASTM section on Measurement, Test and Evaluation and in the
references (#5the results are illustrated in Figures 1.2 - 1.4,
Figure 1.2 is a plot of conductivity vs frequency for multi-ply
laminates for the case of the existing field parallel to the 0°
fibers. Figure 1.3 is a plot of conédrrtivity vs frequency for
unidirectional graphite/epoxy sample «ith the existing field
parallel to the fibers. Figure 1.4 is a plot of conductivity vs
frequency for multiply samples with the field n.rmal tc the 0°
fibers. The conductivity for all samples is esi-ptially constant

below 5 MHz after which it may increase or cuocrease slightly.
A combination of skin effect aud inductive and capscitative coupliug

between fibers havé been used to explain and mciet this effect.

Higher frequency conductivity data has been reported by
Walker and Heint£5¥or unidirectional samples of graphite/epoxy
with the field parallel to the fibers. The measurement apparatus
used was a slotted strip line with the conductivity being extracted
from the standing wave data. Details are given in ASTM section on
Measurement, Test and Evaluation and in the referencesSS)The
results are plotted in Figure 1.5. Included for comparison as
conductivites of aluminum, boron/epoxy and transverse conductivity
of the graphite/epoxy at selected frequencies. All conductivities
were computed by the same stripline method. These results are
particularly important because these measurements are essentially
free of the electrical contact ambiguities present in other
Deasurenments.

A further investigation o{7fhe conductivity of graohite/

epoxy was undertaken by Boeing Corp. ° Boeing measured the free
space transmissivitias of 2-ply (9,90) and 4-p1y (0,145,90) samples

1-17
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made from Hercules AS 3501-6B material over the frequency range

1.0 - 18 GHz. Measurements were taken using an Anechoic Chamber '
test system described in detail elsewhere§7)The transmission data

was smoothed using least squares method and the conductivity

extracted from the data using standard theory. The results are

shown in Figure 1.6. for bulk conductivity (fields penetrating

the material) and Figure 1.7 for surface conductivity (fields

, propagating parallel to the surface). Surface conductivity data

' was taken using waveguide methods.

All existing conductivity data indicates that graphite/
epoxy is a good conductor even in the direction transverse to the
fibers. The conductivity is nearly constant for low frequencies
and generally decreases as the frequency increases. The relative-
ly large value of the conductivity perpendicular to the fiber
direction is a direct result of the high fiber-to-fiber contact
(observable by optical micrograph) in graphite/epoxy composite.
This contact is a consequence of the manufacturing process in
which large numbers of individual fibers are wound together to

make a tow which is then implanted in the composite.

1.1.4 Resistivity

A few limited measurements of the {eiistance of graphite/
7

epoxy laminates have been reported by Boeing. ‘All measurements
were made at a frequency of 1 kHz.

The edge-to-edge resistivity of 16-ply and 32-ply
laminates were measured with the results listed in Table 1.9.
The epoxy surface coating was removed from the edges and copper
contacts deposited by plating.

T e e e e e e

The volume resistivity of 4-ply, 16-ply and 32-ply
laminates were also measured using a pressure contact method.
The resistance was measured as a function of pressure until
linear slope was obtained. Such a slope was presumed to indicate

a good electrical contact. The resistance at zero pressure was
then determined by extrapolation. The resulting resistivities
are given in Table 1.10.

e
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: EDGE-TO-EDGE
! PLY THICKNESS RESISTIVITY p(ohms/m)
-6
16 64.3 x 10
' T 32 65.7 x 10°°

Table 1l .9. Edge-to-Edge Resistivity of Graphite/epoxy as a Function
of Ply Thickness at 1 kHz.(7)

i

! PLY THICKNESS VOLUME RESISTIVITY p
i _ (ohm/m)

] -

| 4 82 x 10 3

i T 51.2 x 1073

32 45.9 x 1073

|
’ Table 1.10. Volume Resistivity of Graphite/epoxy as a Function
i of Ply Thickness at 1 kiz.(7)

o . e e
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It proved impossible to uniquely define a surface
resistivity at 1 kHz for the laminates used. At this frequency
the skin depth or penetration of the radiation is far larger
than the laminate thickness. All "surface'" resistances are then
actually volume resistances and show the expected increase in
resistance with laminate thickness.

1.2 Improvement of Intrinsic Parameters

This section describes the methods currently in use to
improve the EM performance of composite materials by changing the
intrinsic properties of the composite. All methods fall under the
general headings of doping of the composite fibers and inter-
calation of the composite layers. Most efforts to date have
concentrated on increasing the composite conductivity in order to
better approximate the properties of a metal. The basic constraint
that must be observed in any method of change the intrinsic EM
properties of a composite is that the mechanical properties should
not be degraded in the process. This immediately rules out in-
creasing fiber-to-fiber contact in a composite to increase the
conductivity because microbuckling in the composite will greatly Jd
increase and the mechanical strength will correspondingly de-
crease!y)Coating the fibers with metallic sheaths to increase

conductivity and/or permeability is ruled out for similar reasons
and for adding an unacceptable weight penalty. Other methods are

required and are discussed in the following sections. L

1.2.1 Doping

In semiconductor physics, doping is the process of
adding carefully controlled amounts of impurities to certain
semiconductor crystals in order to increase electron and hole
densities and/or mobilities. The conductivity will then be in-
creased, possibly by many orders of magnitude. In the cases of
graphite (crystallized carbon) and boron, their positions in the
periodic chart of the elements makes them fairly good candidates
for semiconductors. Some supporting evidence is available to -
support this statement.(z's)
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However, most semiconductor activity depeﬁds on a high degree of
crystalline order. While most details of the manufacturing
process of composite fibers are not available, most fibers are
not ordered crystals and consequently conductivity improvements
by doping techniques can be expected to be less than for crystal-
line semiconductors. More attention could be given to the fiber
manufacturing process in order to optimize the efficiency of the
doping process.

(2)

A thermal diffusion process was investigated by Gajda
to access in a preliminary manner the effects of doping on graphite
and boron fibers. T@e-details of the diffusion process are de-
scribed in ASTM section on Measurements, Testing and Evaluation and
in the references.(2)

One set of experiments involved -ising borosilicate
compounds and boron nitride (BN) as the impurity for graphite
fibers. The semiconductor process is the doping of graphite with
boron. The experiments were carried out at temperatures up to
1200°C and for as long as 20 hours. A second set of experiments
using improved equipment were performed at a temperature of 2800°C.
The results are shown in Figure 1.8. '

For the lower temperature case, conductivities were not
increased more than a factor of five even after 20 hours of baking
in the diffusion oven. At the higher temperature conductivity
increased by a factor of 50 with some fiber conductivities
reading 105 mhos/m.

Only a few experiments were done with boron doped with
carbon due to the difficulties with proper ohmic contacts. The
first experiments were run at 1000°- 1200°C for up to 20 hours.
The results are given in Figure 1.9 and show significant increases
in conductivity.

1-27




Pigure 1,8

Graphite/Zpoxy Composite

Conductivity Znhancesment For
— Samples o!_ Eercules AS 3501

taterials At Two Tenperstures Q@) —————-—- —— -'-':.".:.. —=

oloo

CONDUCTIVITY RATIO

e —te .- P y —
- . —— ==t {=—
»—'-‘———i.‘ PRI RS e ,J;___ —::."- --—4-:/;"—" ".‘{ ——
-} ol = - yd o ——
e v o e R e M B /__. — | -
. 2t Og = Pre-diffusion e et ==}t fee o}/ -
v T Conductivicy - - iy
r—=—}— Topurity = Botron 4.._7 D g——
= — . - T P e/ St Sipghie S
= Sk gormmm s = . ey el
= e Tt ream00c =
— . gyl byt i ppinie g p—
- -——d e} e e == pomormflommed o e b
—- -

R ) W S R - b a——
. + e fm —— . .
o} - — e e ../— —— e f o e _.-.:1

* rem - i- ——— e e et —-— ) - e e —
'

p— /- JOptpR sp—— -
—fre] :_"._.% pryuivd indpumps puiiuirgt Sephieh Gheinntud

" et ctmme (b s 20 20 > e | ¢ oy

-

— s e— pro el e o - - O— -
- - foamp conmes o tonm. jemmwicfeme amoad ww——- 4
- e 4 - o o e | — ]
-—t o wlef . g e e L R R g

e a— e a—
.. PRp— - - — P . PO WNIIEGY [S—" ——
F_" 7 [ —_—i — o flor o '—-.-j-..' P R e
- - TS R S il T .. - o ome. - ae = d
. - F-._. e . JIRUSUNDS SURIINRN NPy JPNy PUNIIF P SU .-:.-..J.—.- lmemso ) e
—— e e b 4 et —— . = ety e e ‘

MRDE Al i, Wi ntave

T et Sl postocs e Coete Bt
/- Enit:

...,'_-.j_,..- e

D SPURADEY R S Ay _..Lf'

- e e} o [ mve - am| teme .

e 1‘

== T.= 1200 °%C

- ——————

' H - 4 ---'-1.#.'—: s} e ctmedw -y ad
5 - : o b = L e srade s B -p e ol o=t - -—— .
Ay — 2pRpi e // - — S - -t wadd i g T
Jprars it b L.-"P“"" b = o mad o oreme | oeen PR - -- > o anrmod
Liyws I b poyof Lk O S R R R i I ekt Ll AR JESEUOGRE by ive Supspwr
i ,..-._’.' | o g e - g .a o itoh et g e o o o] -
: i ow et o = [ . — o] e} e win) camn. o 4
St . ¢ cum——— - - -
i pbfeien . - e | e -J - o =
:

: ey gty Mot SHES W INEILY RNk Sttt tug Srpumied
oo 7 combamme v fopms. s o dum Wi - —-‘-—-----——J»---— d‘-L'.JL——Z.‘.——.. [
potoem = § .« o o w oo mmnlomme cme -—e L L B R R e [N Y ..
- cmgli =i fememe | s ammies o coe N 1 ——— ] enen pe—— e s o ) o m-
. [V <N RE TN 2 PRPYRENIE [Ny s o foamiame b ooee . - cpum .1 o = R AT R

> amaal - L e D e il Gt tabatas Resadbal b b e B B
Rt bl N -l ecomns § - e F..._. imamnd -+ . |am s o cca lemmn e m o ascmd e vae

32000

43000
T.t (°C-Hrs) :

1-28 .




a5

-.‘1

L RIF “«.|_w .
T ,w/
i S I B
”_f .lmtu ”Io—._ ../. . — |m
Rl TN L
| 1. . il -...V-._ .
il N\
i N
. . oot s oo a - [ P PN .
i h
.d..,n Vo THIT e
H(in 1N
-l . I S P8 P o Muspue - —elle wod
T i
i 1
TP iy
1 E il
HEHL .
q ..”._r
L] . L]
.- jom e T
~ :
4 LK) -
R 1 Coaa
WS §red i
¢ 5 4 8 ;i wu 8
le gn ™A i A3 %
. m [ . t ©
- '\~ T . = m “ [ - nn a'
g dEEy £d
. .
B 2" S e v
-} - Yuveas 0 v
'S > o o © ™
i * ~ 2
o B ke
v o )
. 32 2 Lol
RN BN m mn ”m -_—_
. 1 . L
t."”. I m_. .._"
B & il : o g regror s geper cnege VT 1~
u_ . o . .— : . ] _.
' e _ ' . 1P B ]
il : b Vbbbl ity
s|I1111] gl. g * -
m‘l7l "w e L -4 [
[ ~ »w - -~ -

%o /o
0I1Vé ALIAILONGEOD

SHNMINAIN 8¢ & LIS sad @
‘@ @165 W TV AR nl.v—

DRI VOOV INIe 2B

8000

4000




B a——

1.2.2 Intercalation(8-10)

One procedure that holds great promise for increasing
the conductivity of graphite/epoxy composite is the intercalation
of graphite fibers with various metallic or non-metallic molecular !
species. The intercalation process is very much dependent for i
its success upon the physical and chemical properties of graphite. |

Pure graphite is a crystallized form of carbon whose
crystal structure is shown in Figure 1.10. All the carbon atoms
are hexagonally packed into individual planar layers. The intra-
plane chemical bonds holding the carbon atoms in a given plane are
sp2 hybridized o-type bonds and are quite strong. These bonds
give the planar layer a high degree of stability and order. The
various carbon planes are then stacked on top of each other in
an ABAB... sequence as shown in Figure 1.10. The inter-plane
chemical bonds holding the carbon planes together are w-type bonds
and are weak compared to the intra-plane o-bonds. Because the
inter-plane bonds are weak, it is possible to insert various
chemical species between the carbon layers to form what are
called intercalation compounds. The composition of these
compounds is described by stage, the definition of which is
portrayed in Figure'1.1ll.

The molecular species used in the intercalculation
process are characterized as electron doners or acceptors.
Doners are typically metals usually from Group I in the periodic
table (the alkali metals). Common choices are potassium, cesium,
rubidium and lithium. 1In addition, many additional compounds
that also act as doners can be formed from these metals together
with hydrogen and aromatic molecules such as benzene and toluene.
Acceptors are usually nonmetallic compounds such as bromine,
sulphuric acid, nitric acid and halide and oxide compounds. The
intercalarion of the graphite fibers is easily accomplished by
simple exposure of the fibers to the liquid or vapor of the
intercalant.
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Figure 1.10 Graphite Crystal Structute(s)
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A list of conductivities for selected acceptor and
doner intercalated graphite compounds is given in Table 1.11
together with the conductivities of pure graphite and various
metal conductors. Compared to graphite, doner intercalated
graphite increased the inter-plane conductivity by a factor of
six to eight while for acceptor intercalated graphite, the
increase was a factor of fifteen or more. Intra-plane conductivi-
ties are increased for doner compounds and decreased for acceptor
compounds. Conductivities of acceptor intercalated graphite are
comparable and even superior to conductivities of copper, aluminum
and silver. '

Less dramatic results are obtained when commercially
available graphite fiber is intercalated because the conductivity
of such fibers is one to two orders of magnitude below the intra-
plane conductivity of pure graphite (see Table 1.8). The fiber
may be viewed as a highly defective graphite crystal having
lower electron mobility and hence lower conductivity. Conductivi-
ties of typical 3-ply graphite/epoxy laminates with and without
intercalated fibers are shown in Figure 1.12 as a function of
fiber content. For a given fiber filling factor, the intercaiated
composite is about a factor of twenty to forty times nigner tna:
the regular composite. These results suggest t.,at more attention
should be given to the manufacturing process of graphite tibers to
have as high a conducting fiber as possible.

An important trade-off to be considered is the effect of
intercalation on the graphite/epoxy mechanical properties. Reports
of no decrease and significant decrease in tensile strength and
elastic modules have been made in the literature(?) depending on
the intercalation process used. It is also possible to enhance
certain mechanical properties. Table 1.12 shows the results of
intercalating Thornel 75 graphite/fibers with red, fuming nitric
acid (HNO;). There was a 17% average decrease in tensite strength
and a 69% average increase in elastic modulus. The tensile
strength is sensitive to micro defects in the fibers which act
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Table 1.11 Conductivities of Selected Doner and Acceptor
Intercalated Graphite Compounds Compared to

Pure Graphite and Common Metals

Compound Inter-Plane Intra-Plane
and Conductivity Conductivity
Stage 0 4 (mhos/m) d(mhos/m)
Doner Intercalated Compounds
-1 1.1x107
2 1.7x107
3 2.1x107
Rb-1 1.0x107 Range of Values for
2 1.5x107 Doner Compounds 1is
10°-10%
Cs-1 1.0x107
3 1.2x107
Li-1 1.0x107
Acceptor Intercalated Compounds
NNO5-1 1.7x107 200
2 3.3x107 -
3 2.9x107 -
4 2.4x107 -
AsFg-1 5.0x107 23
2 6.3x107 24
3 5.8x107 26
SbFs-1 3.5x107 -
2 4.0x107 -
3 1.0x107 -
6 5.8x107 -
FeCl,-1 1.1x107 1090
2 2.5x107 -
Common Conductors
Copper 5.9x107 -
Aluminum 3.8x107 -
Silver 6.3x107 -
Pure Graphite 2.6x106 10-1000




Table 1.12 Changes in Mechanical Properties of Thormel

75 Graphite Fibers after Intercalation with HN03(9)

Conductivity Tensite Strength Modulus

(mhos/m) (psi) (psi)
Sample Initial Fipal Initial Final Initial Final
1. 1.3x10%  1.4x206  4.5x105 2.5x105  82x106  99x106
2. 1.7x105  1.3x106  4.0x105 3.8x10°  65x106  108x106
3. 1.5x105  1.1x106  2.6x105 2.3x105  42x106  92x10®

L



as concentrators of stress. Fuming, red nitric acid etches out
surface impurities leaving voids in the fiber which act as
defects. The elastic modulus is sensitive to the crystal per-
fection. 1Intercalation serves to reorder the ABAB...graphite
crystal pattern to AAA... on either side.of the intercalated
layer. The result is a greater crystal perfection and a higher
modulus.




1.3 Thermal Modification of EM Intrinsic Properties

A preliminary investigation on the temperature dependence
of conductivity has been done by Gajda. "No work on the temperature
dependence of the permittivity or permeability has been found.

1.3.1 Conductivity

Since graphite and boron display semiconductor behavior
to some extent, it is useful to display a conductivity vs.
temperature curve for a typical semiconductor. Such a curve is
shown in Figure 1-13 and is composed of three regions: intrinsic,
extrinsic and freeze out. In the intrinsic region, the therrmally
generated charge carriers are large in number compared to the
carriers of the impurity. There is an exponential dependence on
the reciprocal of the absolute temperature. The extrinsic region
is characterized by the thermal charge carriers being few compared
to the impurity charge carriers. The freeze-out region begins
typically at 100°K and is not significant here.

Preliminary studies were made with boron fibers whose
resistance was measured as a function of temperature. In terms
of resistance R, the conductivity o is given by

- Y -
R = 2 (1-5)
where v depends on the fiber geometry and is essentially constaut

(neglecting thermal expansion effects). The results are shown in
Figure 1.14 and show boron to be in the intrinsic range.
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Figure 1-13. Typical Conductivity-Temperature
Profile for a Semiconductor(?)
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1.4 Environmental Modification of EM
Intrinsic Properties

A limited investigation(z) on the effects of moisture

on the EM properties of composite materials is given in this
section.

1.4.1 Moisture

Bacause of the anticipated exposu}e of composites to
high temperatures and high humidities (e.g., in tropical environ-
, ments), it is important that the effects of moisture on composites
be studied. Most moisture studies have been concerned with its
effect on the mechanical properties. One study on the effects of
moisture on conductivity of composites has been done by Gajdafz)

Samples of Kevlar/epoxy, boron/epoxy and graphite/epoxy
were immersed in distilled, deionized water for up to 40 days
(to simulate a "worst case" humidity) and their conductivites
measured. No changes in Kevlar/epoxy or boron/epoxy were found
for any direction of the current. For unidirectional sample of
graphite/epoxy (the only samples measured) changes in conductivity
were found to occur only in the transverse direction. There was
a fairly large decrease in conductivity found and the results are
shown in Figure 1-15. One explanation for this behavior is the
following. The major mechanical effect of the absorbed water is
expansion of the epoxy and a reduction in fiber-to-fiber contact.
The transverse conductivity thus decreases.

= e e at— e e < e+ o n

1.8 Non-Linear Effects

A limited investigation on high field conductivites of
graphite/epoxy is given in this section.
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1.5.1 High-Field Effects

f Non-linear thresholds for unidirectional samples of
Narmco 5213 single ply laminates have been determined at D.C.

" The voltage-current characteristics were determined in the
longitudinal and transverse direction. All current was confined
to the surface. The voltage-current characteristics are given
in Figures 1.15 - 1.17 while the non-linear thresholds are
listed in Table 1.18. In the longitudinal case, the current is
linear up to the threshold at which time the current is greater
than a linear response. In the transverse case the current is
less than a linear response after the threshold is passed. The
transverse non linearity is explained as local ohmic heating
Causing a decrease in fiber-to-fiber contact and a subsequent
drop in conductance. No explanation is available for the lingi-
tudinal non-linearity.
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Figure 1.15. Transverse Conductivity of Graphite/epoxy . Jnidir
as a Function of Immersion Time in Water at 23°C.
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CURRENT E-FIELD (VOLTS/m) J(AMPS/mZ)
DIRECTION CURRENT DENSITY
LONGITUDINAL 250 4 x 103

4
TRANSVERSE 4000 1x10

Table 1.18.

Non~linear Thresholds for Unidirectional Uni-ply

Graphite/epoxy.
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2.0 COMPOSITE MATERIAL SHIELDING EFFECTIVES TRANSFER IMPEDANCE
AND JOINT ADMITTANCE

Figure 2.1 compiles published electrical and magnetic
shielding effactiveness of composite materials. The high
electrical shielding effectiveness at low frequencies is caused by
the measurement fixture, consequently the data published is that
of the fixture. The low frequency magnetic shielding allows
sizeable coupling, consequently the magnetic shielding is not
affected by the fixture and published data has general agreement.
Airframe shape also influences shielding effectiveness rendering
shielding effectiveness to be a confusing electromagnetic
parameter. Transfer impedance Zst overcomes these difficulties
and should be used in lieu of shielding effectiveness.

In this chapter shielding effectiveness and transfer
impedance are formulated to easily evaluated formulas. Shielding
effectiveness SESH is related to transfer impedance zt and
airframe shape. It is then shown how well this theory relates to
empirical data. Finally a brief discussion is given on the effect
of joint coupling on shielding.
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2.1 Shielding Effectiveness - Theoretical Considerations

Composite air frames, equipment boxes, etc., generally
afford less EM shielding than the*ir metal counterparts. The
shielding effectiveness of composite enclosures is generally a
function of gnélosure shape and internal complexity (e.g., devices,
tables, suppoft structures) as well as the composite thickness,
and constitutive parameters, and frequency and direction of
exitation and source location and type. 1In this section a
general discussion of shielding effectiveness for composite air-
frames is presented.

Shielding effectiveness, for plane wave penetration of

an infinite flat, isotropic, homogeneous material with identical
media on either side, has been defined by Schelkunoff as(l’z)

S = -20 log|T]|

where T is the normal incidence transmission coefficient derived
by Schelkunoff from analogy with transmission line theory as

2.1.1 Shielding Effectivess For a Uniform Magnetic Field
(3)

The magnetic shielding effectiveness is commonly
defined by the expression.

MSE = 20 log,,|MSR’

d
where the inverse magnetic shielding ratio, MSR'l, is given by




- . oy -

H
Msr-l = TINCIDENT
HiNTERIOR

and HyneipeNT and Hypyrepior 2T the H-fields incident on the
shield and interior to the shield respectively. A general problem
with this definition is that it is very dependent on shield
geometry and is not unique to the material and the incident
radiation. For uniform magnetic fields and certain geometric
shapes, the magnetic shielding effectiveness can be characterized
uniquely. ' '

2.1.1.1 Flat Plate Geometry

The exact expression for the magnetic shielding
effectiveness 15(3)

MSE = 20 logglcosh(vd)+ 2L sinh (vd) (2-1 )
where
v = [juno]l/?

n = [jun/o)t/?

d = shield thickness
For low frequencies, the magnetic shielding effectiveness in
(2-1 ) can be well-approximated by

MSE = 20 log10|1+377od|

where the frequency f satisfies

0.1
£ < 2muadZ
The low frequency shielding effectiveness is determined by the
shield thickness and conductivity, i.e., material parameters only.

For £« gﬁg the shielding effectiveness increases

sharply with frequency as in ( 2-1).

2-4
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2.1.1.2 Enclosure Geometries

For enclosure geometries such as parallel plates,
cylindrical shells and spherical shells, the magnetic sh1e1d1ng
effectiveness can be written 35'(3)

E*= 20 loglo | cosh(yd) + -g_ Yy sinh(yd) | (2-2 )

where % is the volume-to-surface ratio in MSK units of the
enclosure,

. . . 0.1
For low frequencies satisfying f< oo

the magnetic shielding effectiveness in ( 2-2 ) can be written as:

v 2
MSE = 20 logyo |1 + —— vea | (2-3 )
For the enclosure geometries, the magnetic shielding effective-
ness depends on the incident magnetic field frequency and the
enclosure geometry (expressed as g) as well as the material

parameters (o and d) of the shield. At a frequency given by

1
fb = 21 (v/8)uod

the magnetic shielding effectiveness in (2-3 ) has a '"break point"

below which the shielding effectiveness is essentially zero above
this frequency, the shielding effectiveness increases as

£
20 log (—-—)
10 fb
For high frequencies satisfying

0.1
£ > 5;;;32- ‘ (2-4)
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For frequencies less than ( 2-4 ), the magnetic shielding
effectiveness is given by

MSE = 20 loglo | cosh(yd) + .;-_(J_“lEB. + 2D )sinh(yd) [

2.1.2 Shielding Effectiveness For a Uniform Electric Field :
In analogy with magnetic shielding effectiveness, g
electric shielding effectiveness can be defined as -
ESE = 20 log,, | EsR™Y (2-6 )
where the inverse electric shielding ratio is
- E
1 INCIDENT
ESR ~ =  J—
INTERIOR
The same problems infect this definition of electric shielding o

as for magnetic shielding. Following Schelkunoff, (2-6 ) can be
written as

ESE = A+ R + B
where A is absorption loss, R is reflection loss and B accounts
for loss due to multiple reflections in thin shields.

For a planr interface, the absorption loss is given by

A= 8.686 g- (2-7 )

where d is the shield thickness and 6§ is the skin depth. Since

d = —2—
wpo (2-7) becomes
A = 8.686 dl/%ﬂ (2-8 )

Reflective losses occur primarily as a characteristic impedance
difference between different media. The reflection loss can then

be written as




4124
B =20 lo

€10 n (2-9 )
where Zy is the wave impedance of the media multiple reflection
loss (B) is small for incident electric fields due to the large
impedance mismatch present.

The inverse electric shielding ratio for enclosures
(cylinder, parallel plates and spheres) is

wep—l o Y. sinh(yd) (2-10)
ESR n/2)¢ v/s

For frequencies sufficiently low that the skin depth
is greater than v20d (d is shield thickness) and

0.1
w < ad2

b

ESE = 20 log,, [ (2-11 )

ad y
873?77?)] - 20 10g1° £

and is primarily reflective loss at frequencies where the skin
depth is close to v/Z0d absorption losses become large and grow
exponentially. The result is a minimum in the electric shielding
effectiveness at a frequency where the skin depth is approximately
one-third the shield thickness.




2.1.3 z§g§§£g§a£ggggance as Relation to a Measure

) l1elding Effectiveness

The main difficulty with the usual methods of measuring
the EM shielding effectiveness of materials, is that the shield-
ing effectiveness so measured depends upon the material geometry
as well as the material physical properties. The measured values
of shielding effectiveness are then valid only for the geometry

of the measurement and cannot be extended to more complex
geometries.(s)

One eoncept, valid for shields that are thin compared to
their radii or curvature and for which the wavelength of the
incident EM field within the shield is much smaller than that
external to the shield, is that of transfer impedance!s) The
surface transfer impedance of a homogeneous conducting shield
(also applicable to mixed-orientation graphtieiepoxy composites)
is given by the ratio of the interior tangential electric field

to the exterior current inducted by the external field.
' E

I, = 3= = n csh(rd) | ( 2-12)

where
n = [jmu/a]l/z

T = [jmucll/z

d = shield thickness
The low frequency limit for the surface transfer impedance is
I, * 3% (w small) ( 2-13)
which depends only on material thickness and conductivity.

The surface transfer impedance can be related to the
magnetic shielding effectiveness for the case of a uniform
magnetic field by the relation

MSE = 20 log, o 5—| (2-14)
st
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where
Z = (%)1/2 for flat plate

Z= (g) jwuy  for a cylindrical, spherical or
parallel place enclosure with
volume-to-surface ratio g

For a homogeneous conducting enclosure (parallel plates,
cylinder or sphere) the surface transfer impedance is related to
the electric shielding effectiveness by (3)

ESE = 20 1og10|§—| ( 2-15)
st

where

=
Suef(s)

Both 2-19 and (2-15) are valid over a frequency interval dependent
on shield geometry, conductivity and thickness.

The dependence of surface transfer impedance function
of frequency is shown in Figure 2.1. Measured surface traqsfer
impedance of 24-ply T-300 Graphite/Epoxy is shown in Fi-ure 2.2.

2.2 Measured and Predicted Composite

Shielding Effectiveness

In this section, the shielding effectiveness of
graphite and boron composite materials is presented in graphical
form as a function of frequency. A comparison is made to the
titanium where data is available. Several different composite
laminates are considered in several geometrical shapes to show
the dependence of shielding effectiveness on the enclosure
geometry.

The shielding effectiveness data will be presented in
two parts, low frequency data (frequency less than 1 GHz) and
a few general comments on trends in higher frequency data.
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Figure 2.2 Surface Transfer Impedance as a Function of Frequency




o e A S

Ae.mvanogu\uuasasuc 00€-1 £14 %z jJo ®duepadw] 19)sueay IdvJang paansvay £z 9andyy
(211W) AIN3ND3IYI
oyt n 0 " w
-dqd‘d | 1 L L L L] rYyvy v L4 v TVYe T r L AR | .5-
1,0

i

: mﬁe
: £
1,0

. JLIHIVUO 00EL ATd P O .

: :
M-Lbl-\- 'l AAL L A AL A A & 2 A .P.blpb B oA, &-

2-11




2.2.1 . Low Frequency Shielding

The low frequency shielding data presented in this
section is divided into magnetic shielding, electric shielding
and plane wave shielding because of their fundamentally different
behavior.

2.2.1.1 Magnetic Shielding Effectiveness

The penetration of magnetic fields through aircraft
enclosures is most serious at low frequency. Figure 2.4 shows
the magnetic shielding effectiveness of composites and metals
shaped into flat plates and illuminated by a uniform magnetic
field. The shielding in the low frequency limit is determined
by the conductivity and shield thickness alone. The metals have
highest conductivity and shield most; the composites, having less
conductivity, shield correspondingly less.

For an enclosure geometry (parallel plates, cylinder

or shpere) the magnetic shielding decreases with frequency sharply

to a breakfpoint where there is essentially no shielding at all.
In Figure 2.4 the magnetic shielding effectivess of an enclosure
is compared to that of a flat plate. Only at about 100 MHz is
enclosure shielding as good as that of the plate. The shielding
effectiveness also depends upon the shield geometry through the
volume-to-surface ratio g Figure /2.5 illustrates the shlelding
effect1veness of an enclosed geometry as a function of §'

higher g yields a better shielding effectivess for uniform
magnetic fields. The breakpoint where magnetic shielding drops
to a very small value is shown in Figure 2.6 for a uniform
magnetic field. The breakpoint is lower in frequency for higher
conducting materials. Consequently metals, such as aluminum and
titanium, have the breakeven point lowest in frequency followed
by composites. ‘

2-12
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SHIELD THICKNESS CORRESPONDS TO 8 PLY COMPOSITE
MATERIAL AT 0.00525 IN/PLY
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Figure 2.4 Magnetic Shielding Effectiveness With A Uniform Incident

Magnecic Field (3)
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The magnetic shielding effectiveness can be improved
by using metallic coating to protect against lightning and
surface charging effects. Figures 2.7 and 2.8 show the
measured magnetic shielding effectiveness of 12- and 24-ply
graphite/epoxy both bare and protected using various lightning
protection schemes. Considerable improvement in magnetic
shielding is possible with proper lightning protection.

The magnetic shielding effectiveness is also sharply
dependent on the external field. In Figure 2.9 the shielding
for an infinite flat plate is shown for both a uniform and non-
uniform magnetic field. The nonuniform field shielding drops
with frequency to zero very fast while a uniform filed levels
out at a high value.

Figure 2.10 illustrates measurements of shielding

effectiveness made with a nonuniform magnetic field produced by

a loop antenna for several flat graphite/epoxy composite laminate
structures. The results indicate essentially no shielding below
1 MHz. Figure 2.11 magnetic shielding effectiveness for a non-
uniform magnetic field for various metals and composites (8-, 12-
and 24-ply). The metals (aluminum and titanium) shield best and
are followed by graphite. Boron has essentially no shielding in
non-uniform fields up to 100 MHz.

Figure 2.12 illustrates the use of surface transfer
impedance to calculate magnetic shielding effectiveness for a
flat plate under both a uniform and nonunifmor field, and for a
volume in a uniform field. The advantage is that, the transfer
impedance is a characteristic of the material only, not of its
shape or of the external field incident on it.
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/
2.2.1.2 Electric Shielding Effectiveness

Figure 2.13 shows the electric shielding effectiveness
for an 8-ply graphite/epoxy enclosed shield compared to an
aluminum structure. Because the low frequency shielding is
primarily reflective loss, the electric shielding effectiveness
decreases with frequency at high frequency, absorption (which
increases with frequency) becomes more important. In between,
the electric shielding effectiveness goes through a minimum as
shown in Figure 2.13 for aluminum.

Electric shielding effectiveness also depends on the
volume-to-surface ratio, %, of the enclosure. The higher the
ratio, the less eiectric shielding. This behavior is shown in
Figure 2.14 -for 8-ply graphite/epoxy.

E-field shielding for 12- and 24-ply graphite/epoxy
panels which are bare and protected is shown in Figures 2,15
and 2.16. The frequency range is from 10 kHz to 1 GHz.

2.2.1.3 Plane Wave Shielding Effectiveness

Some limited data on low fréquency plane wave shielding
effectiveness is given in Figures 2.17 and 2.18 for 12-ply and
24-ply graphite/epoxy composite panels.

2.2.2 High Frequency Shielding

Most measurements to date appear to confirm the
opinion that composites tend to behave like metals at frequencies
above 1 GHz. The best data to date on high frequency composite

shielding was taken by Boeingclo) using anechoic chamber techniques.

The frequency range was from 1 GHz to 18 GHz and the composite

panels were 2-ply and 4-ply laminates. The trend is clearly
towards higher shielding as frequency increases.
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2.3. Composite Joint Coupling

In this section a theoretical overview is given of
joints in airframe skins with measured joint admittances. Measured
changes in shielding effectiveness are given for composite panels
with joints.

2.3.1 Theory

External EM fields will induce currents on the surface
of both metal and composite aircraft. The existence of a joint
“in the aircraft skin results in a voltage drop across the joint
as shown in Figure 2.19. The external field induces a surface
current Js on the skin which produces a field fs across the joint.
The joint voltage diop is then

b
Is (2-16)
v = . E.- s e -
J f J Y;
ca

where YJ is the joint admittance per unit joint width.

Three common types of joint construction are shown in
Figure 2.20. The measured joint admittances for these joints are
given in Figure 2.21. These joint admittances range from a few
mhos/m to a few hundred mhos/m depending on the joint type.
Joint 2 with YJ 15 mhos/m is typical of the joints currently used
in aircraft. The joint admittance is rather insensitive to
frequency over a large frequency range.

A theoretical model can be developed for the simple
imfinite butt joint shown in Figure 2.22a modelled as a uniform
slot of width W. An.equivalent transmission line curcuit for the
butt joint is shown in Figure 2.22b which results in the folfowing




/./r
~~
(2]
~’
o0
. |
1= 2
3
€-4--- 8
o
&)
My <—— m m
" T
(59 N
> T 5 3
a .
(-] o~
[
v | 2 S m
L S ) “ u
C/f “ 73
by
a
-

Joint




Am.nvnu=«0n 1ean3o031§ Qz°*g @and1d

*WINIWAIY 5202 WO¥J GILVDTHEYS SYM
ONIY WI3W “3¥1d N1 ONTY W13W e 1572
031vV0) v€6-v3 01 0311ddY 3U3M (dAl)
§d31S 3L1504W0D DNINIVWIY 37vd 45°0 _ol IIu_ 0l fem
OLNI 03Y3ANINVW ONIY WL3W 117
. ATIVNIONLIONOT NIHL ONV *Sd3ls 7]
31150W07 GIONYS DL 0317ddV bE6-V3 7 i
*{0312¥dw0)) 3¥NI3Yd IWIN (d3LS JI_ Ll

¥3d A b) Sd3LS IIYHL LSyld

2~-34

"INIT ¥1D "JY1) 3HL 40 301§
Y3HL1I3 0L HONI 8/1 ONILVNY3LIV QNV
1YvdV HINI 3NO AT3LWVWIXO¥ddV MOY

TWIINIYIINNOYID ¥ NI 03Dv1d 3y3M L . :
S1708 ¥0 S13AJY 3HL "03073M ONY w0° 1>
037704 ‘102 “133HS WANIWNIY WOYJ .
031vIIY8vd SONIY WIIW “39vd 40 N /, \"
WO1108 SOYVMOL ¥3IIN3D YIANITAD N NN
' 7
"W OL "W 1708 VI 8/1 |9 | \_\\\ m) ¢
|

. W OL D 13AIY ‘OH QY VIO -8/L
/ Tll..o._ —]

* IA1S3HOY — 50—

$E€6-¥3 HLIM 03ONOB A1IYVQ .
-NDJ3S OGNV G3INIHOVW ‘1nd '9NO1 - m / uw l
vilX3 031vOI¥av4 SYM ¥3ONITAD




\\\\1v *TC°T JWNOIJ lI/

* XONINDAYI 30 NOIIONNJ ¥ SV HLAIM LINN/FONVILIWAY LNIOL

(zHw) AININDIY
YOOL oL ML  00L OI 0L L1'0 OO

G
=
=
-
mrvr v LA LI L Trrnv ey L) mirey v ui LA R fIfIfTve Ty r Tqrrrr v F.QP v
i o
] =
13
0 U.—. W .~
o] () '

) m
| o1 E

E = o

L kra_. - 7
U =
.-
uN_:. =
3 <
- » -
] e
: =
3601 =
S —
—
=




-l

.-.’.: conductor

’/' i

/ M
regiono
HFai€a

o——d — regionc
F-c-‘c

! region b ' T

bopye, 1
Al//, l‘%—'x

Az

canductor

l I

x=0 z=d

Figure 2.22a Uniform Slot of Width w in a Perfectly Conducting
Screen of Thickness d(8)

-1

d

Transmission Line

Yo< 1um s kyruw/Eres

Yc

H.
—rp
<

o

Figure 2.22b Equivaliss Circuic for a Narrow Slot in a Thick Conducting

b
' Screen




expression for YJ:

Y, = (Y2+YS)cosh Y, d+(Y_+ Ya“c) inh V,d
J pd* Yo+ —y)sinh ¥y, 2-17)

Here Y2 and Y® are the admittances of a thin slot looking into
Region a and Region ¢ as in Figure 2.22a and Yo is given in 2.22b
For a highly lossy slot, equation (2-17) becomes

. abd
Y 4 T (2'18)

J
independent of frequency. This is the behavior shown by the
measured joint admittances in Figure 2.21.

2.3.2 Shielding Effectiveness Plus Joint Admittance

A part of its Protection Optimization Program, Grumman
has performed measurements on graphite/epoxy panels with various
types of doublers and fasteners. Tests were made under various
conditions, such as tight joints, loose joints or no joints, to
verify that degrading the quality of the joint reduces the
shielding effectiveness of the composite panels.

The tightly jointed panel shielding effectiveness is
shown in Figures 2.23 - 2.25 for magnetic, electric and plane
wave shielding as a function of frequency. The results indicate
that little difference in shielding resulted from use of different
fasteners to join the panels. Two joined aluminum plates were
also tested for shielding effectiveness as a standard and per-
formed better than the joined composite panels.

Figure 2.26 shows the magnetic shielding behavior of
two joined composite panels; one 12 ply the other a 24-ply. As
the joint quality is degraded the magnetic shielding decreases
dramatically for high frequencies. The same general trend,
although less dramatic, held for electric and plane wave shielding
effectiveness (Figures 2.27 and 2.28 respectively).
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Figure 2.28 Variation of Plane-Wave Shielding Effectiveness for 12-ply
Graphite/Epoxy Panels Joined to 24 Ply Graphite/Epoxy
Doubler With Hi-Loks (6)




2.4 Ranking and Low Weight Penalties Imposed by Thin Metallic
Protective Coatings

Figure 2.1 contrasted the wide range of low frequency
transfer impedance values for 2 ply composite panels and 4 mil
metallic coatings. A graphite/epoxy panel exhibits a 77db lower
transfer impedance than aluminum, Boron/epoxy and Kevlar are 136db
and 327db respectively lower. In terms of open circuit diffusion
voltage, Voc where voc = Jszt‘ Figure 2.29 shows the
reduction in graphite/epoxy voltage Voc = J zg/e provides
by a thin metallic sheet. A worse case assumption of metallic
layer isolation from the airframe composite material is assumed as
the best coatings are aluminum which corrode severely with
" graphite/epoxy. Figure 2.1 shows copper to exhibit a 325 folAd
voltage reduction while aluminum foil exhibits a 127 fold
reduction. The popular 4 mil aluminum flame spray coating is far
down in the voltage reduction due to its 10-~20 fold lower
conductivity caused by oxides and less aluminum content than
present in foil.

In order for these coatings to be a viable corrective measure
they must not impose a significant weight penalty in order for
composite to remain weight attractive. Figure 2.30 ranks the
coating weight penalties. The aluminum coatings exhibit the least
weight penalty as one would expect from the primary aerospace
material.

Figure 2.31 ranks the protective coatings in order of the
amount of voltage they provide per unit of 1 sgquare foot of weight
aluminum foil, copper foil and aluminum flame spray rank
significantly higher than all other protective coatings. The high
conductivity low weight as an aluminum foil cause it to be the
best-followed by copper due to its conductivity and aluminum flame
spray due to its very low weight. Aluminum flame spray must be
used with caution. Though it ranks third in Figure of Merrit ¢
mils of it do not offer the sizeable voltage reduction of aluminum
foil or copper foil. This can be compensated by increasing the
flame spray thickness without incurring a significantly larger
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weight penalty. Figure 2.31 also indicates that an approximately
2.5 higher conductivity in aluminum flame spray would make it
competitive with aluminum foil at a lower weight penalty. The
metallic coating benefits of:

EM Protection

Laser Protection

Heat Protection

Water Vapor Absorption Reduction

Ability to build better more reliable joints
Airframe structural integrity protection when

O 0 0 O O

servicing the aircraft

make coatings a desirable solution to composite electromagnetic
problems. An aluminum foil coating protectior combined with box
device protection offers total electromagnetic ;rotection and aids
many other aircraft disciplines. The Naval Air Systems Command is
requiring application of the protecticn on its upcoming composite
aircraft and helicopter procurements
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3.0 " ELECTROMAGNETIC THREATS

The ability to operate successfully under adverse condi-
tions is an extremely important consideration in the design of
aircraft using composite material. The adverse conditions discussed
in this section are electromagnetic in origin and are termed electro-

magnetic threats. Certain threats, such as lightning and pre-

cipitation static, occur naturally in the environment or as a -
result of normal system operation. Others, such as high powered
RF from radars, nuclear electromagnetic pulse, or high energy

lasers are man-made and originate from both friendly and hostile

sources. Eacﬁ threat is described in detail and an assessment

made of its possible impact on system performance.

3.1 Natural Threat

In this section the naturally occurring threats of
A general

lightning and precipitation static are discussed.
description is given for each threat; certain mathematical models

are presented that describe the main threat mechanisms, and a
brief assessment is made of the impact of the threat on system

performance.

3.1.1 Lightning
Lightning may be generally described as a sequence of
transient, high current electrical discharges in the atmosphere.
The lightning flash that is usually observed is in reality several
individual lightning strokes separated by 40 milliseconds or more.
Lightning is most commonly associated with thunderstorm activity
but may occur in sandstorms, snowstorms, dust clouds from errupt-
ing volcanos, or even in clear airgl)Only discharges from thunder-
clouds to ground will be discussed since most available experi-

mental data pertains to this situation.
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3.1.1.1 The Lightning Process - Overview(1’4's'6)

A thundercloud is a dynamic mixture of water droplets,
water vapor and ice under the influences of a temperature gradient,
a pressure gradient and a gravitational field. The various pro-
cesses occurring within the cloud cause a separation of electrical
charge to occur with large positive charge generally accumulating
at the cloud top and large negative charge generally accumulating
at the cloud bottom. A cloud profile illustrating charge separa-
tion versus the temperature and pressure gradients involved is
shown in Figure 3.1. The charge distributions are usually
described in terms of major or minor charge centers in the cloud.
These centers act as equivalent sources which reproduce the
measured E and H fields external to the cloud but do not necessar-
ily coincide with the actual charge distribution. The magnitudes
of the charge centers are typically +40 coulombs for major centers
and +10 coulombs for minor centers. The detailed mechanism of the
charge separation process is not known but is probably similar
to the familar triboelectric or thermoelectric frictional charging
processes. The potential difference between major charge centers
is on the order of 10% volts. This voltage will give a cloud
energy of 4 x 109 joules which represents an upper bound on the
energy available for the lightning process.

Lightning will occur whenever the separation of charge
in the thundercloud produces an electric field sufficient to
cause electrical breakdown of the air gap between cloud and
ground. The good weather electric field intensity at the ground
is 100 volts/m while the uniform field intensity needed to cause
electrical breakdown of dry air at normal atmospheric pressure is
300 kxV/m. For non-uniform fields; the field intensity for break-
down will always be less. The electric fields that produce
lightning discharges are very non-uniform, being relatively strong
at the cloud base and relatively weak at the ground.
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There are two mechanisms that are thought to occur in
the discharge process. In the first mechanism, which is dominant
for uniform fields, the free electrons existing in the air gap
are accelerated by the electric field and interact with atoms and
molecules in the air to produce additional electrons and ions
through electron-impact ionization and photoionization. These
growthis of electron and ion densities are termed avalanches. ’ i
Numberous avalanches will eventually lead to breakdown.cf the air gap. !

K. VORI PO

e ety i = n .

A second mechanism becomes dominant for non-uniform
fields. Luminous pulses of ionization, called streamers, propagate
out at high velocity from the high field region to the low field
region. The streamer head contains an intense electric field
capable of producing ionization in the surrounding air allowing
the streamer to propagate rapidly. The streamer that initiates
the lightning process is unique in that it propagates in a char-
, acteristic stepping fashion. This streamer, called the stepped
l leader, typically propagates at a velocity of 1.5 x 10s m/sec in
i steps 50m long with a pause of 50 microseconds between steps

about 5 coulombs of change are deposited }long the leader channel,
which may be 3 km long and a few meters wide, in about 20 msec.
The detailed physics of the stepped leader is not well understood
although several theories have been proposed.l)Many utilize the

concept of a non-luminous pilot leader which precedes and guides
the luminous stepped leader.
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As the stepped leader propagates downward, the high
field in the leader head causes upward moving streamers to be
launched from ground or a sharp object. Such streamers will be
initiated for ground electric field intensities of 106 volt/m or
greater. Yhen the upward and downward leaders meet, a conducting
channel is formed. The leader head is effectively grounded while
the leader tail is still at high potential. The result is a very
luminous, positive discharge up the leader channel called the -
first return stroke. Tremendous energy (typically 5 x 108 joules)
is delivered to the leader channel in a few microseconds. A large
fraction of this energy causes the leader channel to expand and its
temperature to rise (up to 30,000°K). A cylindrical shock wave
is produced which is the main source for thunder. A small fraction
(about 1%)of the energy produces the electromagnetic spectrum. The
return stroke current is characterized by a rapid rise in current
peak value (up to 100 kamps within 10 microseconds), a slow de-
cline (to one-half the peak value in 40 microseconds) and a propa-
gation velocity of § x 107 m/sec. The stroke lasts typically
70 -~ 100 microseconds.

After the return stroke has traversed the channel,
current up to hundreds of amperes will continue to flow for
several milliseconds. During this time tens of coulombs of
charge may be transferred to the channel. This continuing
current is thought to be an important mechanism for maintaining
ionization along the conducting channel for subsequent return
strokes.

If sufficient charge is made available to the channel
from the thundercloud in a time of 100 milliseconds or less, a
streamer called a dart leader will traverse the channel. This
streamer precedes a subsequent return stroke and is similar to a
stepped leader except that the stepping process is usually absent.
Subsequent return strokes are usually of less intensity than the
first return stroke but otherwise similar in characteristics.
The total set of strokes constitutes the lightning flash seen by
the eye and is typically a fraction of a second in duration.
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Lightning flashes vary widely in their properties

depending on lightning type and location on the earth. Table

3.1 1lists a range of values for the various components of a
lightning flash as found in the literature. The values in this
table are meant to give a feeling for the orders of magnitude
involved and to serve as a guideline. The total lightning dis-
charge process is illustrated in Figure 3.2 in the time domain.
The waveform is not to scale but serves to illustrate the trend
of the data given in Table 3.1 and to summarize the preceeding
discussion.

3.1.1.2 Radiated Lightning_Spectrum(4’6'7)

Two measured lightning spectra are shown in Figures
3.3a - 3.3b and include the contributions of many investigators.
The measured range is from a few kHz to a few GHz. The spectra
are normalized respectively to 10 km and one statue mile and have
bandwidths of 1 kHz. The frequency range of maximum signal ampli-
tude is 5-10 kHz and the amplitude decreases roughly inversely as
the frequency. Beyond a few GHz the spectrum has not been measured.

3.1.1.3 Lightning Near Fields(?:%

For points reasonably near the discharge channel, the
near fields of the lightning are dominant. The near electric
field is produced by the charge deposited along the stepped leader
channel. As estimate for this field can be given by considering
the electric field produced by a uniform line of charge of finite
length. Such a field is given by

R (1 - — 177 - —7——;—377"2 ) (2-1)
e \D T oy (LZ+p%)

where p is the charge density; L is the length of the leader.
channel in meters; and D is the distance from the channel in meters.
As an order of magnitude estimate, for p equal to 1 coulomb per knm,

L equal to 2.5 km, and D equal to 100m, the field is 200 kV/m

which is close to the measured value of 100 kV/m.
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Table 3.1 Representative Charscteristics for Cloud-to-Ground
Lightning Flashes(l)
Minimum Average Maximum
Stepped Leader
Step Length (m) 3 50 200
Time Between Sceps (usec) 30 50 125
Velocity of Propagation (m/sec) 1x103 1-5x105 2.-6x106
Charge Deposited on Channel (cou) 3 S 20
Dart Leader
Velocity of Propagation (m/sec) 1x106 2x105 2x107
Charge Depositied om Channel (con) 0.2 1 6
Return Stroke
Velocity of Propagation (m/sec) 2x107 sx107 1.4x108
Rate of Current Rise (Ka/usec) 1 10-20 100
Time 70 Peak Current (usec) 0.25 2 30
Peak Current (Ka) 3 10-20 140
Time to Current Balf-Value (usec) 10 40 250
Charge Transferred (cou) 0.2 2.5 20
Channel Length (im) 2 S 14
Continuing Current
Current Duration (msec) 58 160 400
Current Value (a) 30 140 500
Charge Transferred (cou) 7 26 110
Total Flash
Strokes per Flash 1 3-4 26
Time Between Strokes (msec) 3 40-80 300
Duration of Flash (sec) 0.01 0.2 2
Charge Transferred (cou) 3 25 90
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The magnetic near field is produced primarily by the
large return stroke current which forces the magnetic field to
lag behind the electric field. The magnetic near field can be
estimated by considering a current moving along a thin cylindri-
cal column. This model for the current gives the magnetic field

Ho= ot [ L
h
where I is the return stroke current and L and D are as in (3-1).

Several expressions for the current waveform of the
return stroke current have been proposed and are in common usage.(s)
One very simple waveform that is often used is the simple triangu-
lar function shown in Figure 3-4. This function has a quick
rise to a maximum and a slow decay which are the basic require-
ments for the stroke current waveform.

The waveform defining the Space Shuttle Lightning
Protection Criteria is shown in Figure '3-5 and consists of
several straight lines bounding the various parts of the actual
waveform. The result is a more detailed expression for the
current which is still simple.

Analytic expressions commonly used for the waveform are
double and quadruple exponentials. A triple exponential is also
occasionally used, but this waveform forces the current’ to jump
discontinuously. One double exponential function is given by

I(t) = I (e ®F-e"B%) (3-3)

I = 206 ka
o '
a = 1.7 x 10 Hz
8 = 3.5 x 10° Hz

The waveform for this double exponential is shown in Figure 3-6.
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A triple exponential waveform is

I1(t) = I (e %% -e B)er et (3-4)
where
Io = 30 ka
11 2.5 ka
4
a 2 x 10" Hz
8 2 x 10S Hz
Y =2 103 Hz

and a quadruple exponential function is

I(t) = I (e %%-e7Bt)ep (e7VF-e"0F) (3-5)
where
I° = 30 ka
I, = 2.5 ka
4
a=2x10% Hz
B =2 x 10° Hz
y=1x 105 Hz
s =2 x 10% Hz

The waveform for the triple exponential function is shown in
Figure 3.7 and the one for the quadruple exponential function
is in Figure 3.8. The double exponential in (3-4) has a
maximum current of 206 ka and actually represents a "'worst case"
situation. The triple and quadruple exponential functions have
maximum currents of 30 ka and are more typical of the average
current in the return stroke.

The frequency domain representations of these waveforms
are interesting and are given in Figures 3.9 - 3.12. The
last figure shows the superposition of all the waveforms and
indicates general agreement with the overall waveform for a
lightning flash given in Figure 3.3.
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3.1.1.4 Lightning Threat Assessment

The threat to composite aircraft from lightning results
from either a direct strike or a near miss. Both categories of
lightning threat will be discussed separately since different
threat mechanisms are involved.

A direct strike on an aircraft takes place when the
stepped leader channel becomes attached to the aircraft structure.
The aircraft then becomes part of the path traversed by the return
stroke. As noted in Section 3.1.1.1 and illustrated in Figure

3.2 , the return stroke is characterized by very high currents
and explosive shock waves. Tremendous heat will be generated in
the aircraft structure due to the finite conductivity of the
structure material. Because of their lower conductivity compared
to aluminum and other metals, structures made from composites are
more susceptible to physical damage (pitting and puncture points)
and even complete burnout of the aircraft. Other vulnerable
structures include radomes, canopies, external antennas and
special composite panels. The shock waves will produce, in
addition, extreme mechanical forces and shock wave heating in the
aircraft structure.

In addition to physical damage, composite structures are
vulnerable to the high electric and particularly magnetic fields
that are generated from a near miss or a direct strike. Because
unprotected composite structures tend to offer less tM shielaing

than metal structures, the electromagnetic fields can more easily
penetrate and couple to the internal aircraft avionics. Low
power integrated circuits on modern aircraft are particularly
sensitive to induced transients of this type. The result of such
coupling can then be disruption and/or catastrophic failure of
the aircraft avionic systenms.

i




3.1.2 Precipitation Static
3.1.2.1

Overview

The motion of an aircraft or missile through the
atmosphere will cause the vehicle to be struck with dust, sleet,
hail and other material particles. Continuous particle bombard-
ment of the vehicle will cause charge (positive or negative) to
separate from the particles. The result is a net charge transfer
from the particles to the vehicle creating a possibly large
electric potential. The charging rate depends primarily on the
vehicle geometry, velocity, and the nature of the colliding particlecs.
Generally charging is greatest for smaller vehicles with high
velocities and for dust and ice crystals. If the surface is
sufficiently conducting, the excess charge will move to areas of
high field, usually trailing edges or points of the vehicle. For
sufficiently high charging rates, corona discharge into the
atmosphere will occur. These discharges are in the form of short
pulses and are a major source of EM noise in avionic systems. These
pulses can be modeled as(s)

£(t) = Ae Ot (3-6)

Both the amplitude A and the decay constant a depend upon the
atmospheric pressure p, as a function of altitude. The atmospheric
pressure p is given by

2
p= 760 exp - h+0.002h (3-7)

where h is in kilofeet and p is in torrs. The parameters A and
a in (3-6) are chosen to be

A= 7.90569 x 105 p0-25 (3-8)
a= 2.7777 x 10°% p (3-9)
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to give a good fit to the exponential data for A and a. The
noise spectrum is then given by

S = A(¥)1/2(u2+02)-1/2 (3-10)

where v is the number of pulses per minute. This parameter is
also a function of atmospheric pressure and good values of y are ;
given by

Yy = 3.83767 x 10° p0-48 (3-11)

f The noise spectrum is shown in Figures 3.13a - 3.13b. In the §
| first figure, the impact of altitude on the spectrum is shown for f;
F several altitudes. In the second figure, the noise level of the
spectrum is shown as a function of discharge current for a fixed
altitude (sea level).

When electric charge is deposited on dielectric media ;E
such as radomes, windshields, or structures of intermediate con-
ductivity such as composite structures, the motion of the charge
is restricted due to the non-conducting characteristics of these
i ) surfaces. For high enough potentials, streamer discharges will

occur in the surface. The current for a streamer discharge can
be modeled as a double exponential function of the form(s)

1(t) Im(ae'“t+be'8t) (3-12)

where

I_ = 0.01 amp
0.597

1.67 x 107 Hz
0.403

3.47 x 10° nHz

™ o R B
[ ]

This current discharge is several orders of magnitude smailler than
lightning discharges. One effect of such streamer discharges is

that the Ed fields penetrate the system and couple onto the system
avionics. To illustrate the magnitude of this effect, the current
induced on a wire located just below the streamer has been calculated
7 for several streamer lengths using a typical coupling factor ?-Sm'l.

- The results are shown in Figure 3.14.
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3.1.2.2 Precipitation Static Threat Assessment

The threat to composite vehicles from precipitation
static results from the broad EM fields radiated during the
corona or sparking process. Such fields are a major source of
antenna noise. In addition, coupling to avionics can occur by
penetration of the fields through composite surfaces and apertures
such as radomes or canopies.

3.2 Friend/Foe Threat

In this section, the man-made electromagnetic threats to
composite aircraft are described in detail. The threats considered
are strong RF sources, nuclear electromagnetic pulse and high energy
lases and particle-beam weapon systems. A general description is
given of each threat followed by relevant mathematical models and
a threat assessment,

3.2.1 RF Threat

In this section, a realistics but unclassified, electro-
magnetic environment is presented which might be encountered by a
composite aerospace vehicle in an operational scenario. This
environment is shown in Figures 3.15 - 3.16 and is expressed in
terms of an RF power density as a function of frequency from 10
kHz to 1 Ghz. The power density levels were computsd ass'..:ing
mainbeam illumination at a distance of 500 meters #-om the
radiating antenna with the target continuously illuminated.
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3.2.2 EMP Threat

3.2.2.1 Overview(s)

The explosion of nuclear weapons in the atmosphere
represents a serious electromagnetic threat to composite aircraft.
A nuclear explosion produces an EM pulse (EM?) as well as higher
frequency components in the visible, x-ray and gamma ray regions
of the spectrum. Only the lower frequency EMP will be discussed
in this section. '

The EM pulse is assumed to arise from a high altitude
air burst of the kind commonly discussed in unclassified literature.
The electric field from such a pulse can be modeled by a double
exponential waveform which, in the time domain, has the functional

form

E(t) = E (e °t-e"f%) (3-13)
where

E, = 58.15 kV/m
. a = 6.3 MHz
i B = 189 MHz
This waveform has a maximum value of 50 kV/m; a rise to peak time ;
of 0.019 microseconds and a time to half peak amplitude of 0.185
microseconds. The magnetic field is assumed to be given by

actnitiac’

H=-—= E (3-14)

ey

3
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where n, * 377 ohms and is the free space impedance. The EMP
waveform is shown in Figure 3.17. This waveform is similar in
appearance to the double exponential waveform for lightning in

Section 3.1 but the time scale for EMP is 100 times smaller.
This difference in the time scales of the two threats serves to

distinguish their impacts on a given aircraft. Because of the
time scale 'difference, there are different frequency components
in nuclear EMP than in lightning.

The frequency domain representation of (3-14) is the
Fourier Transform given by
E (8-a)

E(t) = ermyeee I (3-15)

where £ is the frequency. This frequency domain representation
of the EMP threat is shown in Figure 3.18. A comparison to the
lightning spectrum in Section 3.1 indicates that EMP has a larger
number of high frequency components then does lightning.

3.2.2.2 EMP Threat Assessment

The EMP threat to composite aircraft is primarily EM
field penctration through composite structures and is similar in
many ways to the lightning threat. The EMP spectrum shown in
Figure 3.18 shows the existence of many more high frequency
components than in the lightning spectrum (see Figure 3.11).
Thus EMP amplitudes will tend to be higher than lightning ampli-
tudes for a given common frequency.

3.2.3 High Energy Laser, Nuclear Thermal Radiation and
Particle Beam Threat(3)

Future electromagnetic environments will probably include
laser and particle beam weapons. These devices are presently the
subject of intensive classified research and development so only a
very general overview will be given here.
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Figure 3.17 EMP Time Domain Waveform (5)
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A primary candidate for laser weapon systems is the
deuterium floride laser which operates at 3.8 u and is capable
of several hundred kW (about 500 kW) CW operation. Another prime
candidate is the CO, laser which operates at 10.6 u with an output
power of 50 - 135 kW. Other chemical lasers are being examined
such as the Excimer laser which operates in the uV region
(0.25 - 0.25 uy) and the Free Electron laser tuneable in the
vicinity of 3.4 u at several kW. There are two primary limita-
tions on these laser devices:

1. Thermal blooming. which is air heating in the beanm
that reduces the energy density on the target. The result is an in-
crease in diffraction which defocuses the beam.

2. Aersol breakdown which is the ionization of particu-
late matter in the air. A plasma is formed.that expands until
the entire beam is blocked. This effect occurs at power densities

of approximately 10 mW/cmz.

Particle beam weapon systems are currently being
developed by the U.S. and U.S.S.R. It is expected that the
effective ranges of these weapons will be

1. Up to 300 meters - single pulse
2. 4 toSkn - continuous low PRF
3. Greater than 10 km - continuous pulse propagation

The expected effects on the intended target are
1. Detonationof the high explosive charge in
the nuclear warhead carried by the target
2. Disruption. of guidance/control/fusing
electronics of the target
3. Reduction or voiding of the yield of the
nuclear warhead carried by the target.

Energy levels on the order of 100 - 125 joules/gram are required
to cause destruction or slumping of nuclear materials, while
210 joules/gram are required to melt lead.
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The response of compoéite structures to thermal pulse
heating from a laser, nuclear thermal radiation or a particle
beam weapon varies from surface damage to buckling, plastic
deformation of the epoxy or complete burn-through with fiber
vaporization. This results from the generally(s)low thermal
conductivity, high absorbtivity, low epoxy combusion temperature
and high fiber vaporization temperature of the composite. Figure

3.19 illustrates the backside temperature of a graphite/epoxy
substrate as a function of substrate thickness for several energy
fluence rates. Drastic strength loss results when steady tempera-
tures reach 400 degrees F.

A summary of the response of a section of graphite/

epoxy composite to irradiation by a CW laser is shown in Table 3.2.

The composite characteristics that were found to most critically
determine laser damage were the laminate lag-up sequence and
preload stress factor. Figure 3.20 illustrates the lascr

energy density necessary to produce a given level of stress in
various composite and metal samples for two kinds of failure
modes. The energy density necessary to cause heat-related failure
is much smaller than the energy density necessary to produce burn-
through failure.
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Table

3.2
of Graphite/epoxy(3)

Effect of Variable on CW Laser Response

Effect of Variables on CW Laser Response of Graphite/Epoxy

Laser/target
variable

Effect of laser camage

b

Burn-through mods®

Flood ioading mode

Lay-up sequence

No effect

Damage significantly greater ‘when o’
load-carrying ply directly ircadiated

Prefoad stress

Littie effect below that stress level
causing failure during laser irradiation

Damage increases with decreasing energy
fluence and increasing prefoad stress

Airflow velacity

No affect on penetration rate
High airflow velocity reduces structural

High airflow velocity reduces structural
damage

damage —
Beam arer Beam areas <4 cmz require higher Nocte
energy levels for penetration :
Laminate thickness Nons Very littie
Fiber/matrix type None None
Unknown, all data at 10.6 um

Wavelength

Unknown, all data at 10.6 um

Migh flux, small aces irradistic,n

PLow flux, large area irradiation
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Laser energy density necessary to produce a
level of stress for two failure modes
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4.0 Application of Composite Parameter to Existing Aircraft

Figure 4=-1 depicts a reed to know the ramifications on ajvsral:

design when combining the technologies of:

* Low-level avionic devices
* Composite materials
®* High-level threats

to assure adequate protection which allows aircraft to survive/operate in the
high-level threat environments of nuclear electromagnetic pulse (NXD'P), light-
ning (LEMP), and radar. Metallic aircraft design has had over 30 vears to
mature. However, these estabiished desigr philosophies Dust be carefulls
re-exanined when incorporating the above cited new technologies. Especially
critical is flight crew safety and mission effectiveness as fly-bv-wire com-
posite aircraft and computer-controlled weapons systems replace traditional

human-actuated mechanical systems.

Loss of aircraft control or mission effectiveness degradation rav be

categorized by the following:

- Cazego Determining Parazetec(s)
Device upset Voc. Isc

Device burnout Energy into device
Airframe damage Temperature rise and

sechanical displacement

The first category is sinmply a t;ansient condition on a device not
resulting in permanent damage, but which may implant erroneous data resuliing
in incorrect digital system operation. The second condition permanently
destroys electronic devices, rendering porEion: of the avionic systen in-
operable until replaced. Electronic effects rers .ting from NEVP and LE?

4=1
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can cause upset or burnout. In addition, lightaing can physically dazage

sirframe sections, which may or may not affecc flight safety and mission

effectiveness depending on the strike location and aircraft design.

aircraft design or upgrade can

* Realize a 602 electromagnetic "hardeaning” cost saviags

* Shorten the design cycle
* Prevent significant redesign efforts

® Aid contractor in meeting gcvernment specifications
thereby reducihg government/contractor paperwork
efforts in wmodifying specifications

® Increase governmen:/contractor insight prior to
hardening testing

The electromagnetic effects on aircraft avicnics can be evaluated
with the knowledge of six basic frequency dependent functions. These gre
denoted by D(f) and T‘(f) through Ts(f). which are illustrated in Figure 4-2.
Conbining these functions determines the amount of electromagnetic protecticn,

Tb(f)' required to bring the avionics box open circuit terminal voltage, Voc. to

levels which will not upset or bura out the avionics components. The open

circuit voltage, Voc. wvhich represents an upper bound £or the actual voitage,

may be calculated from the relation

Voo = DIOT (DT (OTL(HT (OT(OTG (F) (4-1)

oc

wvhere:

D(f) appropriate threat driving function spectrum
Tl(f) s material shielding transfer functionm, Z,

T,(f) = current distribution resulting from the
sircraft shape and material distribucion
T,(f) = joint transfer function = 1 + z:lY;l

T‘(f) = cable shielding transfer function

4=3
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Ts(f) » avionics box terninal penezcation
characteristic funczion

Tb(f) = protec:ive transfer function

This section deals only with the threat D(f), the resulting vels-
c--‘--

age protection; and the resulting wveight penalties imposed by the protecticn.

Figure 4-3 shows peak avionics box terminal open ecircuit veltage

resulting from the electromagnetic threats of

* Directestrike lightning

® Near-strike lightning
®* Nuclear eiectromagnetic pulse e o )

impinging on an F=-14 aircrafr having an airframe construction of
® All aluminun

* Aluminum and graphite/epoxy

The open circuit voltage, voc. is deternined by the coupling through coc-
posite panels, aluzinum panels, and joints which may be sucmed for total
avionics box voltages. An upper bound on the maximum power available st

the box terminal is found by computing the short circuit current at the
terninals and multiplying by the open circuit voltage. These results are
shown 4in Figure 4~4. It should be emphasized that these results for peak
pover represent worst-case values because the open circuit and short circuit

conditions cannot occur simultaneously.
Figure 4=5 shows the Wunsch constant results computed for the cases

in Figures 4-3 and 4-4.
of Wunsch constants for various semiconductor junction devices are given.

Thus, curves exceeding these Wunsch constant ranges indicate that the device

junctions are permanently damsged (burmed out) 1f the avionicu dox provides no

further device protection.

4=3 .

On the right side of Figure 4-5, representative ranges
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The family of curves in Figures 4-3 through 4-5 were generated Sr:o=
triangular patch surface coupling models of the F-14, which are describes in
Appendix A, derived from those shown in Figures 4-6 and 4-7. These coupling

‘models evaluate the internal electromagnetic fields that resul: froc the

aforementioned electromagnetic threats using knowledge of the precise ircer-
pal electromagnetic flux distribution in the interior of an aircraft under
the approximations discussed in Section 6., Coupling models allow accurate
calculation of voltages and powers that exist on internal wires of given

internal geometric location.

Figure 4-8 illustrates the outstanding sgreement in surface curren:
density, JS' calculated by the well known THREDE code and the triangular
patch surface model used in this report. The early time and peak value dif-
ference between the codes is being resolved at present in the full-scale
F-14 testing currently undervay in the Navy's FAANTAEL effort.

The significance of threat rise time, T, on aircraft vulnerability
is examined in Figures 4-9 through 4-12. Figure 4-9 shows an increase in skin
current density by a factor of 17% £or s reduction in threat rise times froc
0.1 us to 2.0 us for near-strike lightning. For the NE? case shown in Fig-
ure 4-10, the peak skin current density increases by a factor of 14 for a
decrease in rise time from 0.001 us to 0.1 us. These increases in peak sur-
face current are due to the higher frequency content in the short rise time
threat spectra. However, they have little effect on interior circuit voltages
vhere only joint snd panel coupling occurs. This behavior is to be expected
in light of the joint admittance and transfer impedance function characteris-

tics shown in Section 3.

. Figures 4-12 and 4=13 show the transfer impedance shielding capa-
dility of coated panels and the improvement obtainable over an 8-ply parel
consisting of graphite/epoxy. The weight penalties imposed by the various
coatings is illustrated in Figure 4-14. Finally, s veight shielding figure
of merit is shown {ia Figure 4-15 using the 8-ply composite panel as a baselire.




Figure 4~6. Top View of F-14 Using Triangular Patch
. Dats Base of Reference 4
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Figure 4-12. Transfer Impedance Shielding of Structural Materials
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